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NATIONAL ADVISURY COMMITIEE FOR AERONAUTICS 

TECRNICAL NOTE NO. 18&J. 

BIAXIAL FATIGUE S'IKENCTH CfE' Z&&T ALUMDKM AILCYl 

By Joseph &rin end William Shelson 

The object of this investigation.was to determine th8 fatigue 
strength values for 24&T aluminum alloy when subjected to vsrious 
ratios of bisxial stresses. The biaxial stresses considered were 
both tensile. The influence of various ratios of the maximum values 
of the principal stresses upon the fatigue strength was determined. 
FluctuatFng biaxial tensile stresses were produced by applying a 
mating internal pressure end an axial teneile load to a thir+ 
walled tubular specimen. The mexinmm and minimum values of the 
principal stresses were kept in phase. To apply the dyns&c loads, 
a new type of testing machtie was design8d and constructed. 

S-W diagrams for four principal stress ratios were obtained for 
defining the fatigue strength up to 3 X 106 cycles. An atbmpt was 
made to compere ths test results with a modified mexirmun-e tress theory 
of failure but poor agreement was found between theory and test 
results. The test results show that the uniaxial fatigue strength 
in the transverse direction of the tubular specbns may be about 
60 percent of the fatigue strength in the longitudinal direction. 

IlJKCRClDUCTION 

Many machine and structural parts are subjected to streeses that 
vezy inmagnLtudewithtim8. For exsmple, a conn8ctFng r& may be 
subjected to fluctuating axial stress which varies from a minQmnn 
vake dmin to a maximum value CT-, as showninfigure 1. The 
stress veriation in figure 1 csenbe considered to be msde up of a 
completely reversed or variable stress or superimposed upon a 
steady mean stress urn. To d8t8rmin8 strength of' materials under 
fluctuating or fatigue stresses, a series of tests ere made in 
a fatigue test- machine. lh these tests the specimen6 are subjected 
to a given mean strese em end to different values of the maximum 
stress. For each test the number of cycles of stress required to 
produce rupture of the specimen are d8termFnea and a c-4 diagram 
is plotted as shown in figure 2. For a fixed mean stress it is 
apwent , as shown in figure 2, that the lower the maximum stress 

lN8w temper designation for alloy ueed: d-ST&: 
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the greater will be the mmiber of stress cycles that can be applied 
before failure occurs. Th8 Va1U8 of the IWxImLm strees for a given 
number of stress cyoles as obtained from the experimental data ouch 
as figure-e, is oalled 'the fatigue strength" of the material. The 
fatigue strength will depend not only upon the number of cycles of 
stress but also upon the value of the mesn stresa. 

. 

Moat fatigue tests are made on specimens subjected to simple 
stresses, including fluctuating axial e-tresses, as described in the 
foregoing paragraph, or fluctuating bending stresses. Inmachine and 
structural parts, however, the fluctuating stresses are often not 
simple or uniaxial s-&eases, but may be biaxial or trZaxial and act 
in more than one direction. There is very little information on the 
fatigue strength of metals subjected to cotiined stresses. A surpey 
of most of the available data is given in referenoe 1. The purpose 
of this investigation was to obtain the fatigue strength of 
24S-T aluminum alloy when subjected to various ratios of biaxial 
fatigue stresses. Fluctuating biaxial tensile stresses were produced 
by subjecting a tubular epeaimm to fluctuating sxial. tension and 
fluctuating internal pressure. 

The project was conducted by the School of Engineering of The 
Pennsylvania State College under the sponsorship and with the financial 
assistance of the National Advieory Committee for Aeronautics. The 
tests were conducted in the Coxibined Stress Laboratory of the Department 
of Engineering Mechanics. Professor K. CT. DeJuhasz of the Engineering 
Experiment Station gave valuable suggestions on the design of the 
testing maohine. The testing maohine was built by bbs8rs. M. Aikey, 
H. Johnson, and S. S. Eckley. t'kBEiT~.wi~iEkDl sh81SOIl EUld v. L. &ttO.IL, 
research assistants, conducted the tests and computed the test data. 
The admitietrative direction given by the NACA and the College of 
Engineers and the te&nical assistance given by the foregoing 
individuals is greatly appreciated. The testing machine was designed 
by Joseph Win, who directed the project snd prepared this report. 

SYMBOLS 

A 

d 

N 

P 

P 

tt P’,P rP :tt 

cross-seotional area of tubulax specimen, 
square inohes 

internal diameter of specimen, inches 

number of stress cycles to failure 

internal pressme, psi 

aXid t8IlSil8 load, pounds 

maximum, me=, snd minimum fluctuating 
preestne, respectively, psi 
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mtsimml,ml3an, EuldtinFnnunfluctls.atingaxial 
tension loads, respectively, pounds 

principal stress ratio 

w U Ul = 42=/V = cr2’ t/cy I> 

uniaxial tensile stress, psi 

msxInmm,~an,minimm, and vsriable unisxial 
tensile stresses, psi 

longitudinal and trsnsv8re8 bias- principal 
stresses, psi 

msxim, mean, and minlmm va&ee of principal 
stress 61, r8sp8otively, psi 

maximum, mean, and minimumvalue of prinoipal 
stress u2, respectively, psi 

fatigue strength for umisxisl longitudinal 
tenf3ion, psi 

biaxial yield--etrength values, psi 

biaxial nominal ultimate--strength values, psi 

DEscRmoN OF MATERIAL 

The material tested in this investigation was a fully heat-treated 
alumInm alloy designated as 24W. The material was received in 
tubulsx extruded form in lengths of 16 feet, with sn internal diameter 
of 2 Inches snd a wall thickmae of l/4 inch. The nominal chemical 
composition, in addition to aluakmm and normal impurities, consists 
of 4.4 percent copper, 1.5 p6rcent magnesium, and 0.6 percent manganese. 
Th8 mechanical properties, as furnished by the manufauturer, are: 
Tensile strength = 68,000 psi; yield strength (OS-percent offset) = 
44,000 psi; modulus of elasticity = 10.6 X 16 psi; percentage elongation 
(in 2 in.) = 14 percent; and Poissonts ratio = 0.33. 

Tensile control tests were made on flat SpeCi3IWlS machined from the 
walls of:the tubular 8xkusions. The reSd.tS of these tests exe reported 
in reference 2. 
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Test SpecLmen 

The fatigue test specimens were machined from tubular sectlcns 
about 1% inches lon& with-an in&d& diameter of 2 inches and a wall 

thictiess of A inch. 
4 

The finished specimen is shown in figure 3 and 

has an over-all length of 16 inches. The other dimensione of the 
apectin are shown in fi@;ur8 3. The inner walls of the specimens 
were left in the a- ed 
circumferentially to a g/O 

form while the outer surfaces were polished 
finish with metallurgical abrasive paper. 

The wall thickness was measured to 0.0001 inch by a special apparatus 
as described in reference 2. The wall-thickas values were measured 
at five equal intervals along the tube length and SIX readings were 
taken around the circumfersnce at 8ach interval. The o&side diameters 
at each interval in 4x0 perpendicular directions were also measured. 
The ratio of wall thickness to diameter of the specimen was 0.025, so 
that the stresses throughout the wall were essentially uniform. The 
circumferential elastio stress produced by internal pressure, as 
calculated assu&ng a thin wall snd uniform stress distribution, is 
about 3 percent less tw the exact value, while th8 axial stress, 
calculatedassuming athinwall, is about 2 percent more thsn the exact 
value. Th8 ratio of diameter to reduced length of the specimen is 
about 0.25, thereby providing a sufficiently long section of the specimen 
free from the bending stresses produced by end restraints. 

For a thin-Walled tubular specimen subjected to a.n arikl tensile 
load P and an internal pressure of p psi, the longitudinal and 
circumferential streeses are, respectively, 

Where 

A 

d 

t 

J&-P & u1 = g + 4t - x + 4t 

32!z u2 = 2% 

cross-sectional area of tube 

internal diameter of specimen 

tube--wall thictiess 

(1) 

(21 

. 
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The tubulsx specimsns we subjected to eynchronoue variable 
loads P and p which have maximum values P* and p', minirmlm 
values p’ I 1 and p"', and mean values Prr and pvt. The maximum, 
minimum, and mean values of the principal stresses u1 and a2 are 

p'd Q2* = 2% 

u2 
111 P ?ttd 

=2t 

I- 

(3) 

(4) 

The fatigue strength of a material when mibjected to the stresses 
in equations (3) and (4) depends upon both the-ratio of the minimum to 
maximum stresses and to the ratio of the principal stresses. Since a 
V8??7 lszge nukber of tests Would be required to cover Cwl8t8ly all 
possible stress cotiinations, it was necesssry to restrict the test 
program to a oonsideration of the iufluence of the principtil stress 
ratio q/41’ only. 

In this investigation the ratios of -imum to maximum 
stresses ul'*'/u~ anit u2’ t f/a2t vsried from about 0.10 to 0.20. 

Testing Machtie 

A special testing machine was designed and built for applying 
the fluctuating internal pressures and axial loads referred to in 
the foregoing section. Figures 4 and 5 .show schematic draw-8 of 
the testing mChin8, while figure 6.1s a photograph of th8 complete 
machine. Figures 7 to II sre clos~p photographs OP various parts 
ahowIng details of construction snd operation of the machine. 

The tubular specilr;en S is subjected td,an axial fluctuating load 
by the lever K (fig. 6). This lever is subjected to a fluctuating 
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load by means of an eccentric El. The eccentric El is attached to a 
gear C+ which is driven by a pinion Gland operated by a 3-horsepower, 
36OO+qutt, alternat- ent Im>tor T (fig. 'j'). A gear reduction 
of 1 to 10 produces about 300 fluctuations of stress per minute at 
the specimen. Thie low rate of stress fluctuation was necessary to 
elimlnate possible errors due to interferenoe of pressure waveis 
produced by the successive application of internal pressure. 

The internal oil peesure is applied to the specFmen by means of 
the piston in a Bosch pump I. The pump I is actuated by a plunger 
and connecting-rod system attached to a driving eccentric I$ (fig. 8). 
The eccentric 2?$ is ad&stable with respeotto throw snd phase angle 
between the two eccentrics El and ES which are mounted on the sams 
sm. The pressure obtained in the specimen S is raised by increasing 
the throw of the eccentrio and, consequently, the stroke of the piston. 
A steel cylindrical plug, with dimensions slightly less than the inner 
Dimensions of the specimen, is inserted in the specimen to reduce the 
total volume of fluid in the pressure system Tetrad so permit higher a 
pressure. To provide against drop in pressure caused by possible oil 
leakage, an aocxumilator A with a cheek valve C (fig. 10) is connected 
to the specimen. The acmrmlator A is a standard aircraft-type 
accumulator in whioh air is used as the pressure-maintsiningtaining medium. 

A revolution counter U is used to record the number of stress 
fluctuations to fra&ure. The motor is stopped by a mioroswitch when 
the specimen is fractured. For axial tension without internal pressure 
a mioroswitch is mounted on the lever K so that, when the specimen 
fractures, the yoke Y below the specimen rotatea and operates the 
microsxitch -which stops the motor. For tests in which internal pressure 
is used, fracture of the specimen causes a drop in pressure, which 
releases the plunger in the valve I?. This operates the microswitch M 
which in turn stops the motor. 

The. axial load ie measured by a lO,OOO-pound dynemometer N (fig. 9) 
which transmits the load from the eccentric El to the lever. Athreaded 
teuckle unit between the eccentric snd the dymmometer allows the , 
adJustment of the minimum axial load. The lever with a 4-t-l ratio 
applies the load to the specimen. The specimen is held between two 
spherical seats to insure axiality of loading. 

The maxQnum and minimum preesures are measured by Bourdon gages H 
and L, respectively. The gages sze connected to the piping with 
specially designed check valves so that the pointers of the gages 
do not fluctuate, but move only if there is a change in the values of 
the maximrun or minimum pressures. In this way the gage mechanisms 
axe not subjected to fluctuating stresees. 
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Calibration of Testing Hachines 

The lever K for applying the load was calibrated by noting 
ewteneous dialreadIngs onalO,OCC+pound wter N azld strain 
readings of R calibrated test bar lnserted. in place of the specimen S. 
The test bar was calibrated in a RaldwHouthwark hydraulic testing 
machine. The strati of the steel test bar were measured by two 
EiR& electric strain gages oemented to opposite sides of the bar. 

Concentricity of the axial tensIJe loading on the specimen K&E 
checked by measuring the elongation of the specimen at four locations 
equally spaced around, the cirmmference. After adjustment of the 
holders, the strains were found to be in reasonable agreement for 
loads within the range of the tests. The maxUnun difference in the 
meanred stress on opposite sides of the specimen was less than 
1 percent. 

Calculations were also made to determIne the error introduced 
fn the axial-load values by neglecting the exial load produced by the 
inertia forces in the lever. These inertia forces were produced by 
the accelerations in the lever as the fluctuating exial load was 
applied. Calculation shows that the misimmt error is less than 
1 percent of the applied load. 

The pressure gages were calibrated with a dead-eight gage tester. 
The msximur+pressure gage has a range of 0 to 5000 psi and the mFnimm+ 
pressure gage a range of 0 to 2000 psi. Readings of the pressure were 
noted to the nearest 25 psi. 

M&hod of Testing 
- 

The test vocedure outlined in the following paragraphs applies 
to tests in which the specFmen was subjected to both an axial load end 
Internal preesure, For tests in which only sxial load or internal 
pressure was used the proodure was simplified by the amission of some 
of the adjustments. 

After the dimensions of a specimen are measured, as explained in 
reference 2, the specimen.is screwed into the specimen holders. The 
axial load is adjusted as follows: The axial load, corresponding to 
a given value, can be aRplied by adjusting the eccentric El to a given 
position and f5xIng that position'with self-locking set screws. With 
the eccentric El (fig. 7) in its lowest position, a threaded turnbuckle 
above the dynamometer N is adjusted until the dymsmometer registers the 
minimum load desired. The eccentric drive shaft is next rotated by 
hand to determine the maximum axial-load reading on the dynamamter. 
If this read- has changed, the above procedure is repeated until the 
correct minimm aud maximum axial-load readings are registered on the 
dynsmomter. 
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Before making the internal--pressure adJustmenta, the oil-pressure 
line is first fastened to the connection in the lower specimen holder. 
Various values of m5xa and Wpressure readings oan be obtained 
by varying the settWg of the eccentric FQ (fig. 8). To apply selected 
values of the msximnm aud mInimum pre8Bur0, a tentative setting of the 
outer part of the eccentric to the inner part is first made. By means 
of the hand pump B, the internal-pressure system is filled with oil and 
the air outlet at the top of the specimen is closed when all the air is 
expelled from the system. Operation of the hand pump is then continued 
until the desired minQmam internal pressure is reached with the piston 
of the Bosch pump at the bottom of its stroke. The eocentric drive 
shaft is now rotated by hand to obtain approximate readings of the 
minimum and mxi3mm pressures. If the pressure readings are close to 
the values desired, the motor is switched on so that the actual pressures 
may be noted. The pressures under dynamic loading with the rotor 
operating are slightly higher than under statio loading produced when 
the shaft is turned by hand.. The valve F in the pressure line leading 
to the pressure gages (fig. 10) is closed during the starting period to 
avoid shook loading. During a test, however, the valve F is open. 
Fluctuations of the gages ere prevented by a specially designed valve 
block G, which permits static readings of the maximum pressure on 
gage Hsndthe minimumpressure ongage L. 

The phase angle between the axial tensile load and the Internal 
pressure csn be varied by rotating the inner part of the eccentric E+2 
relative to the Inner part of eccentric El. To obtain synchronism of 
the two loads, the eccentrics are adfusted SO that the minFmum dynamometer 
axial-load reading is obtatied when the piston of the Bosch pump is at 
the bottom of its stroke. 

After the desired internal-Bressure values are obtained, the axial 
loading is checked, sfnce the elongation of the specimen produced by the 
internal pressure reduces slightly the external load produced by the 
lever. If necessary, the eccentrics El and then s sre again adjusted 
to give the required values -of pressure and sxial loads. After the 
machine has been in operation for about an hour, load adjustments may 
again be necesesry because of changes in temperature of the oil or 

5 loosening of the mechanical linkage. To insure correot loading during 
a test, the loads are checked several times a day. Occasionally it is 
neceseexy to add more oil to the system to replace leakage. This is 
done by means of the hand pump. When the specimsn fails, one of the 
microswitohes shuts off the motor, and a record of the number of cycles 
to failure is recorded by the counter U. 

TEST HElsuLTs 

The fatigue strengths were obtained in t&s Investigation for four 
principal stress ratios and for ratios 0P mIWt0 maximum stress 
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equal to appror5ma;tely zero. Strengths were determined for various 
numbers of stress application up to about 2 X 106 cycles. The EGN 
or u-N diagrams for the four principal stress ratios are shown in 
figure 12. The data used iz~ plotting the diagrams in figure 13 are 
shown in tables 1 to 4. Since it was nece8ssry to 1-t the stress . 
appllcstions to a low rate to avoid interference of pressure waves, 
the teats hsd to be lim,ited to a relatively low mmiber of stress cyules, 
as shown in figure 13. . 

The influence of the princi@L stress ratio on the fatigue strength 
is shown in figure 14, which shows in a singls plot the ourves from-the 
S-Ndiagrams of figure 12. The hfluence of the principal stress ratio 
on the fatigue strength can be shown more clearly than in figure 12 by 
a compsxison of the biaxial fatigue strengths (cl* ar 42') with the 
longitudkml unisxial fatigue strengths mlt'i The strength ratios for 
various nunibers of cycles as shown Fn figure 13 are in terms of coordi- 
nates Ul'/Qlt ' and %'/ultr, where olt* is the fatigue strength for 
uniaxial longitudinal tension for a given value of N aud ox' 
and u2? are the ~ticipal stress values for the ssms value of N. 

Attempts were made to compare the test results in figure 15 with 
the theories of failure (reference 2), but no existing theory was found 
adequate, That is, all the theories require that the material be 
homogeneous sz& isotropic, so that-the uniaxial strengths clt' 

snd o2t* in the longitudinal and ciraumferent%s,l directions are equal 
according to these theories. Anexsminationof figure 13 shows that 
this is far frombeing true. Figure 13 indIcatea that the uniesial 
fatigue strengths in the circumferential dtiectian lnay be about 60 per- 
cent of the uniagial fatigue strengths %n the longitudinal direction. 
That is, the extruded tubulsx specimnnn have dLrectional properties 
with a greater strength in the longitudinal direction. This directional 
effect was also found for the yield and ultimate static strengths 5.~ 
referenoe lwhere the yield strength in the circumferential direction 
was about 90 perpent of that in the longitudinal direction and the 
corresponding percentage fm ncminal ultimate strength was about 
80 percent. 

To determIne whether a modified maxW tress theory could be 
used to interpret the foregoing test results if the directional properties 
of the material were considered, the fatigue-strength data from this 
report and the stati~trength data from reference 2 were plotted as shown 
in figures 15 and 16. In plotting figure 16, uls & u2y represent the 
biaxial yield strengths, snd in figure 15, ulu end uti repesent the 
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biaxialnomlnalultimate strengths. If a mdified maximunwtress theory 
is to agree with the test results in figure 16, the ratios % valy 
and c2Vc2y should remain constant for all values of the principal 
stress ratio and for each value of N. Figure 16 shows that the stress 
ratios ult/aw and a2f/a2y etre not onnetant. Figure 15 shows that 
there is also a variation in the strength ratios alt/ulu and a2*/a2u 
with variation in the principal stress ratio. That is, a modified 
msxinum+stress theory based on either yield ar ultimate strengths does 
not agree with the test results, However, figures 15 and 16 axe of 
value in showing the relation between the fatigue and static strengths 
of the material for varioue ratios of the principal stresses. 

3.1 figure 17 a compmison is nwde~ between the &N diagram based on 
the longitudinal fatigue-stress results reported in the foregoing 
pculawap~ for w/q = 0 and the S-N diagram based on data given in 
reference 3 for 0.2-inch-diameter specimens. Figure 17 shows that there 
is an appreciable reduction in fatigue strengths for the tubular specimens, 
since the S-N curve for these epecimens lies well below that for the solid 
specimens. 

Figure 18 is a photograph of typical fraoixred epecimms. For stress 
ratios of a2/cl = 0.5, the specimens fractured cimmmferentially. The 
plane of the fracture was at an angle -of-about 45O to the surface of the 
tube. For stress ratios 42/41 = 1.0 and a2/al = 2.0, failure was 
produced by small cracks in the longitudi&ld~.ection about l/2 
to 1 inch in length. 

CONCUTSI~S 

Bisxial tensile fatigus strengths of 2-T aluminun~~lloy tubing 
were obtained for vsrious ratios of the biaxial maximum stresses and 
with the minimum stresses apprcucimately equal to zero. The test results 
show that uniaxial fatigue-strength values in the longitudinal direction 
oanuot be used to wedlot the fatigue strength, and that the biaxial 
fatigue strength may be as low as 50 percent of the uniaxial fatigue 
strength. 

The Pennsylvania State College 
State College, Pa., Decertiber 13, 1947 
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Figure 2.- Typical S-N diagram. 
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Figure 3.- Biaxial stress specimen. Au dimensions &pe in hches. 
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Flgum 4.- Axial loading arrangement. 
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Figure 5.- Internal-pressure loading arrangement. 
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Figure 6.- Biaxial fatigue testing machine. 





Figure 7.- hive unit and eccentric. 
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Figure 8.- Bosch pump unitforfLuctuatinginternalpressures. 
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Figure 9.- Measurement of fluctudng axial load. 
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Figure lo.- Panel for measurement of pressures. 
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(a) For stress ratio R = 62 l/ull q 0. 

Figure 12.- S-N curves. 
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(b) For stress ratio R = II 2pl’ = 2. 

Flgure 12.- Continued. 
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(c) For stress ratio R q u~~/u~~ = 1. 

FIgwe 12.” Contiued. 
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(d) For stress ratio R= u2f/u1f q 0.5. 

Figure 12.- Concluded. 
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Figure 13.- Biaxial fatigue-stress relationship, f&3-T tiuded aluminum-alloy tub@. 
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Figure 14.” S-N curves of figure 12 shown in a single plot. 24S-T ahminum-alioy tubing. 
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Figure 15.9 Comparison of biaxial fatigue and biaxial ultimate strengths. 
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Figure I&- Compwison of biaxial fatigue and bhxial yield strengths. 
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Figure l?‘.- C!ompa.rlson between S-N diagram based on present longi~ fatigue-stress reaulta and 
S-N diegnu based on data given in reference 3 for 0.2~inch-diameter specimens. 

% 





NACATNNo.18& 41 

--SF- 
Figure 18.- Typical fractured sbecimeti. 


